Gamma-ray bursts (GRBs) have been proposed as a tool for studying star formation in the Universe, so it is crucial to investigate whether their host galaxies and immediate environments are in any way special compared with other star-forming galaxies. Here we present spatially resolved maps of dust emission of the host galaxy of the closest known GRB 980425 at z = 0.0085 using our new high-resolution observations from Herschel, Atacama Pathfinder Experiment (APEX), Atacama Large Millimeter Array (ALMA) and Australia Telescope Compact Array (ATCA). We modelled the spectral energy distributions of the host and of the star-forming region displaying the Wolf-Rayet signatures in the spectrum (WR region), located 800 pc from the GRB position. The host is characterised by low dust content and a high fraction of UV-visible star formation, similar to other dwarf galaxies. These galaxies are abundant in the local universe, so it is not surprising to find a GRB in one of them, assuming the correspondence between the GRB rate and star formation. The WR region contributes substantially to the host emission at the far-infrared, millimetre, and radio wavelengths and we propose that this is a consequence of its high gas density. If dense environments are also found close to the positions of other GRBs, then the ISM density should also be considered, along with metallicity, an important factor influencing whether a given stellar population can produce a GRB.
Introduction
Long (duration > 2 s) gamma-ray bursts (GRBs) have been shown to be associated with the death of massive stars (e.g. Hjorth et al. 2003; Stanek et al. 2003 ; for a review see Hjorth & Bloom 2012) , and therefore signal very recent star formation in their host galaxies. This is also supported by the detection of the signatures of WolfRayet (WR) stars in GRB hosts (Hammer et al. 2006; Han et al. 2010 , but see Chen et al. 2007; Schulze et al. 2011) , by very low ages of the GRB sites (Christensen et al. 2008; Thöne et al. 2008; Östlin et al. 2008) , and by the concentration of GRBs in the UV-brightest pixels of their hosts (Bloom et al. 2002; Fruchter et al. 2006; Kelly et al. 2008) , similar to that of WR stars and supernovae Ic (Leloudas et al. 2010) . Theoretically, rotating WR stars are the best candidates for long GRB progenitors, mainly because of their masses, angular momentum, and lack of the hydrogen envelope (Woosley 1993; Woosley & Heger 2006; Yoon & Langer 2005; Yoon et al. 2006) . However, the debate about whether the GRB rate is proportional to the star formation rate (SFR) density in the Universe is still ongoing (Conselice et al. 2005; Castro Cerón et al. 2006; Fruchter et al. 2006; Stanek et al. 2006; Wainwright et al. 2007; Yüksel et al. 2008; Fynbo et al. 2009; Kistler et al. 2009; Savaglio et al. 2009; Leloudas et al. 2010 Leloudas et al. , 2011 Levesque et al. 2010a,b; Svensson et al. 2010; Elliott et al. 2012; Micha lowski et al. 2012b; Robertson & Ellis 2012; Boissier et al. 2013; Hao & Yuan 2013; Perley et al. 2013) .
Since the presence of dust is intimately connected to star formation, we would expect to find measurable amounts of dust in GRB hosts. The characteristics of the dusty medium can be studied from its emission at long wavelengths, in particular in the far-infrared (far-IR) and submillimetre regimes that trace the emission of colder (< 60 K) dust, which constitutes most of the total dust mass of a galaxy. However, because of insufficient sensitivity of previous instruments, only four GRB hosts have been detected at submillimetre wavelengths (Frail et al. 2002 , Berger et al. 2003 , Tanvir et al. 2004 , Wang et al. 2012 ; see the full compilation of submillimetre observations in de Ugarte Postigo et al. 2012) .
It is only now, with the successful operation of the Herschel Space Observatory (Pilbratt et al. 2010 ) and the Atacama Large Millimeter Array (ALMA), that the dust in a significant number of GRB hosts can be studied, as these facilities are capable of not only detecting its emission, but also mapping its spatial distribution. This is crucial in order to understand the interplay between the star formation giving rise to the GRB progenitor and the dust formation and to understand the physical conditions necessary for a massive star to explode as a GRB. It has been claimed that GRBs reside in low-metallicity environments, which could be reflected in the distribution of dust within their hosts.
⋆ Herschel is an ESA space observatory with science instruments provided by European-led Principal Investigator consortia and with important participation from NASA. ⋆⋆ Mapping the spatial distribution of dust is limited to the closest and most extended GRB hosts, so an obvious candidate for a resolved dust study is GRB 980425 at redshift z = 0.0085 (Tinney et al. 1998 ) and its associated supernova SN 1998bw (Galama et al. 1998 ) located in the barred spiral galaxy ESO 184-G82. As this galaxy hosted the closest known GRB, it has been the subject of numerous studies (Fynbo et al. 2000; Sollerman et al. 2005; Foley et al. 2006; Hammer et al. 2006; Stanek et al. 2006; Hatsukade et al. 2007; Le Floc'h et al. 2006 Christensen et al. 2008; Micha lowski et al. 2009 Micha lowski et al. , 2012b Savaglio et al. 2009; Castro Cerón et al. 2010) . It is a dwarf (0.02L * B ) barred spiral showing a large number of starforming regions (Fynbo et al. 2000; Sollerman et al. 2005) ; SN 1998bw occurred inside one of these (Fynbo et al. 2000; Sollerman et al. 2002) , ∼ 800 pc southeast of a region displaying a Wolf-Rayet type spectrum (Hammer et al. 2006, hereafter: WR region) . This region dominates the galaxy's emission at 24 µm (Le Floc'h et al. 2006) , contributes substantially to its SFR (but not to its stellar mass; Micha lowski et al. 2009 ), is young (1-6 Myr; Hammer et al. 2006; Christensen et al. 2008) , and exhibits the lowest metallicity among star-forming regions within the host with 12 + log(O/H) = 8.16, i.e. 0.3 solar (Christensen et al. 2008 ) compared with 12 + log(O/H) = 8.6, i.e. 0.8 solar (Sollerman et al. 2005) for the entire host (a common characteristic in nearby GRBs; Fig. 3 of Levesque et al. 2011; Thöne et al. 2008) . Highly ionised mid-IR emission lines of the WR region also suggest a very young episode of star formation (Le Floc'h et al. 2012 ).
Because GRB 980425 ended its life in a region with very few massive stars which does not exhibit any WR spectral signatures, Hammer et al. (2006) have proposed that the GRB progenitor had been expelled from the nearby WR region with a velocity of the order of ∼ 100-300 km s −1 , not atypical of Galactic runaway stars (Blaauw 1993; Tenjes et al. 2001; de Wit et al. 2005) .
Even for this nearby and well studied GRB host the cold dust properties are not very well constrained, because the currently available infrared observations of this galaxy are limited to wavelengths shortward of 160 µm (Le Floc'h et al. 2012) . The objective of this paper is to change this situation by determining the dust properties in this closest known GRB host. This is possible with our new high-resolution data ranging from far-IR to radio. This paper is structured as follows. In Sect. 2 we describe our data. Then, in Sect. 3, we describe the spectral energy distribution (SED) modelling we apply to these data, and present our results in Sect. 4. We discuss the implications of our results in Sect. 5, and close with a summary of our results in Sect. 6. We use a cosmological model with H 0 = 70 km s −1 Mpc −1 , Ω Λ = 0.7, and Ω m = 0.3, so GRB 980425 at z = 0.0085 is at a luminosity distance of 36.5 Mpc and 1 ′′ corresponds to 175 pc at its redshift (i.e. our resolution of ∼ 7 ′′ at 100 µm corresponds to 1.3 kpc).
Data
We obtained Herschel observations of the GRB 980425 host (project no. OT1 lhunt 2, PI: L. Hunt) using the Photodetector Array Camera and Spectrometer (PACS; Poglitsch et al. 2010 ) and the Spectral and Photometric Imaging Receiver (SPIRE; Griffin et al. 2010 ) with a to-tal integration time of 1116 and 445 s, respectively, on 13-14 Mar 2011
1 . The Herschel observations of the entire GRB host sample within this program are presented in Hunt et al. (2014) .
We used PACS in Small-Scan map mode (20 ′′ /s), with ten scan legs, 3 ′ long, separated by 4 ′′ steps. The scans were divided into two Astronomical Observation Requests (AORs), with orthogonal scan directions that were executed sequentially. With this configuration we obtained homogeneous coverage over an area with a diameter of ∼ 2 ′ , sufficient to cover the region subtended by the GRB 980425 host galaxy. Cross scans gave the needed redundancy to avoid 1/f noise and spurious detector glitches on science and noise maps. Our estimated 1σ sensitivity is 0.9 and 2.1 mJy at 100 and 160 µm, respectively. With SPIRE in Small-Map Mode, we used three repetitions in order to obtain a sensitivity of roughly the 1σ confusion limit (see Nguyen et al. 2010 ) of ∼6 mJy beam −1 at 250 µm. Data reduction for PACS and SPIRE was performed with Hipe (Herschel Imaging Processing Environment; Ott 2010) v10.0. For PACS, we used Hipe to obtain the initial calibration and reduction, and then scanamorphos (v16.0; Roussel 2013) to make the final maps, in order to better account for faint, extended emission. We used pixel sizes of 1.
′′ 7 and 3. ′′ 00 for PACS 100 and 160 µm, and 4. ′′ 5, 6. ′′ 25, and 9.
′′ 0 for SPIRE 250, 350, and 500 µm, respectively. In each PACS and SPIRE image, an estimate for the background was obtained by averaging the flux measured within a set of sky apertures close to the galaxy but far enough away to avoid the contamination from the galaxy emission.
After background subtraction, the flux densities of the entire host galaxy at all Herschel wavelengths were obtained in an aperture of 50 ′′ diameter. The aperture corrections were negligible in all cases when compared with calibration uncertainties Dale et al. 2012) .
Because of limitations in image resolution it was possible to measure reliably the WR region flux only for the PACS data at 100 µm and 160 µm where the source is pointlike. An aperture with a radius of 6 ′′ was used to measure the flux and a standard PSF extrapolation was applied for aperture correction.
The uncertainties associated with the measured photometric values reported in Table 1 were computed as a combination in quadrature of the calibration uncertainty, 7% for SPIRE data (according to Version 2.4, 7 June 2011, of the SPIRE Observer's Manual) and 5% for PACS data (according to Version 2.3, 8 June 2011 of the PACS Observer's Manual), and the sky uncertainty derived by considering the number of pixels within the galaxy and the WR region apertures and the standard deviation of the average value in the individual sky apertures (see Dale et al. 2012 ). Before addition in quadrature, the sky uncertainties were corrected for the correlated noise, since the pixels are not independent.
We also performed submillimetre (870 µm) observations of the GRB 980425 host on 4-5 Aug 2007 (project no. O-079.F-9312A-2007, PI: M. Micha lowski) using the Large Apex BOlometer CAmera (LABOCA; Siringo et al. 2009 ) mounted at the Atacama Pathfinder Experiment (APEX; Güsten et al. 2006) . A total of 4.1 hr of on-source data were obtained. During most of the observations the weather was 1 OBSIDs: 1342216005, 1342216055 and 1342216056 excellent with 0.25 mm of precipitable water vapour. Data reduction was done using the Crush 2 package (Kovács 2008) . We used the 'deep' option that results in the best signal-to-noise ratio for faint objects. We checked that the 'faint' option, with weaker filtering, resulted in a higher noise level. The analysis was done using the Miriad package (Sault & Killeen 2004; Sault et al. 1995) . The beam size for the final image was 19.
′′ 5 and the rms was 1.4 mJy beam −1 . The target was detected and is extended at the resolution of APEX/LABOCA with the measured full width at half maximum (FWHM) of (35 ± 11) ′′ × (30 ± 9) ′′ , and deconvolved size of 29 ′′ × 23 ′′ , consistent with the size at optical wavelengths (half-light diameter at R-band of 22 ′′ , i.e. 4 kpc). The flux for the entire galaxy was found by summing the signal over a 50 ′′ diameter aperture. The resolution of the data was not sufficient to separate the WR region from the rest of the galaxy.
We performed Band 3 ALMA observations on 1 Sep 2012 (project no. 2011.0.00046.S, PI: M. Micha lowski). A total of 67.4 min of on-source data were obtained. Four 1.875 GHz spectral windows were centred at 100.6, 102.4, 112.5, and 114.3 GHz. Twenty three antennas and baselines ranging between 24 and 384 m were available. Neptune, J1733-130, and J1945-552 were used as flux, bandpass, and phase calibrators, respectively. The amount of precipitable water vapour ranged between 1.8-2.15 mm. The data reduction and analysis were done using the Casa package (McMullin et al. 2007 ). The map was created by multifrequency synthesis with 'natural' weighting, giving the best signal-to-noise ratio. The WR region is the only detected star-forming region in the GRB 980425 host. We measured its flux by fitting a Gaussian at its position, whereas the flux for the entire galaxy was again measured in the 50 ′′ diameter aperture. We performed radio 2.1 GHz observations with the Australia Telescope Compact Array (ATCA) on 12 Apr 2012 with a total integration time of 12 hr (project no. C2700, PI: M. Micha lowski). The array was in the 1.5B configuration with baselines up to 1500 m. We used 2 GHz bandwidth. The data reduction and analysis were done using Miriad. We analysed the data separately in four 0.5 GHz frequency ranges centred at 1324, 1836, 2348, and 2860 MHz. The WR region is detected at all four of these frequencies dominating the radio flux of the GRB 980425 host. Again, we used a Gaussian fit and a 50 ′′ diameter aperture to measure the flux of the WR region and the entire galaxy, respectively.
We also obtained Ultraviolet/Optical Telescope (UVOT; Roming et al. 2005 ) data from the Swift (Gehrels et al. 2004) archive 3 . The GRB 980425 host was observed on 15-16 Jun 2007 (obsid 00036585001) and on 18 Jun 2007 (obsid 00036585002) with total integration times of 2034, 1350, and 1014 s for the uvw2 (0.20 µm), uvm2 (0.22 µm), and uvw1 (0.26 µm) filters, respectively. We only used these filters, as the data at other (optical) filters are superseded by the ground-based data. We measured the fluxes of the entire galaxy in a 50 ′′ aperture and derived the aperture corrections from the curve-of-growth analysis. For the WR region we used a standard aperture with a radius of 5 ′′ . We added in quadrature 0.03 mag to the errors to account for zero- 
point uncertainty
4 . We corrected the fluxes for Galactic extinction assuming E(B−V) = 0.059 mag (Schlegel et al. 1998; Sollerman et al. 2005 ) and the extinction curve of Cardelli et al. (1989) . The photometry is fully consistent with lower resolution GALEX data (Micha lowski et al. 2009 ).
Finally, we used the Wide-field Infrared Survey Explorer (WISE) All-Sky images 5 (Wright et al. 2010) . Again, for the entire galaxy we used a 50
′′ aperture and the curve-ofgrowth analysis. For the WR region we used standard apertures (radius 8.25
′′ for band 1-3 and 16.25 ′′ for band 4) and applied appropriate aperture corrections 6 . Our fluxes are consistent with those from Spitzer (Le Floc'h et al. 2006) for overlapping filters.
The UVOT, WISE, Herschel, LABOCA, ALMA, and ATCA images are shown in Fig. 1 and the results of the photometry are summarised in Table 1 . A shift in the flux centroid to the west from 3.4 µm to 22 µm and to the east from 160 µm to 500 µm is a result of the increasing (Le Floc'h et al. 2006 ) and decreasing contribution of the WR region to the total flux, respectively.
For the SED modelling we also used the compilation of the data presented in Micha lowski et al. (2009, their Table 1 ) covering ultraviolet (UV) to radio wavelengths (including the data from Watson et al. 2004; Sollerman et al. 2005; Le Floc'h et al. 2006; Castro Cerón et al. 2010) . We also used the 70 µm photometry of the entire host from Le Floc'h et al. (2012) , but not at 160 µm, as these data are superseded by our higher-resolution and more sensitive data. Their measurements are consistent with ours within the uncertainties.
SED fitting
Before fitting the SED, we estimated the free-free emission (Caplan & Deharveng 1986) in the WR region using the Hα flux measured by Christensen et al. (2008) corrected for Galactic extinction. The estimated free-free flux at 2.8 mm is 0.054 mJy, ∼45% of the total observed WR flux. Hence, we used in the fit at 2.8 mm 0.069 mJy, which is the remainder after correcting for the free-free emission. The 2.8 mm free-free emission over the entire galaxy is found to be ∼0.21 mJy, well under the upper limit of our nondetection. At 870 µm we estimate a total free-free contribution of ∼0.19 mJy, less than 2% of the total observed flux and smaller than the calibration uncertainties; hence we neglect its correction at this wavelength.
We applied the SED fitting method detailed in Micha lowski et al. (2008 Micha lowski et al. ( , 2009 Micha lowski et al. ( , 2010a ,c, see therein a discussion of the derivation of galaxy properties and typical uncertainties) based on 35 000 templates in the library of Iglesias-Páramo et al. (2007) , plus additional templates of Silva et al. (1998) and Micha lowski et al. (2008) , all developed in Grasil 7 (Silva et al. 1998) . They are based on numerical calculations of radiative transfer within a galaxy that is assumed to be a triaxial system with diffuse dust and dense molecular clouds, in which stars are born.
The templates cover a broad range of galaxy properties from quiescent to starburst. Their star formation histories are assumed to represent a smooth Schmidt-type law (SFR proportional to the gas mass to some power; see Silva et al. 1998 , for details) with a starburst (if any) in addition starting 50 Myr before the time at which the SED is computed. There are seven free parameters in the library of Iglesias-Páramo et al. (2007): the normalization of the Schmidt-type law, the timescale of the mass infall, the intensity of the starburst, the timescale of the molecular cloud destruction, the optical depth of molecular clouds, the age of a galaxy, and the inclination of a disk with respect to the observer.
We also used Magphys 8 (Multi-wavelength Analysis of Galaxy Physical Properties; da Cunha et al. 2008) , an empirical but physically-motived SED model, which is based on the energy balance between the energy absorbed by dust and re-emitted in the infrared. We used the Bruzual & Charlot (2003) stellar models and adopted the Chabrier (2003) initial mass function (IMF). Similarly to Grasil, in Magphys two dust media are assumed: diffuse interstellar medium (ISM) and dense stellar birth clouds. Four dust components are considered: cold dust (15-25 K), warm dust (30-60 K), hot dust (130-250 K), and polycyclic aromatic hydrocarbons (PAHs).
Results

Basic physical properties
The best-fit SEDs 9 are shown in Figure 2 and the parameters derived from the Magphys fit are shown in Table 2 . No Grasil model was found to have sufficiently high UV emission and relatively low far-IR emission to explain the data for the entire host. However, for the WR region the Grasil model found by Micha lowski et al. (2009) Fig. 1 . Mosaic of the images of the GRB 980425 host. The R-band is from Sollerman et al. (2005) and the remaining images are presented here for the first time. North is up and east is to the left. Each panel is 80 ′′ × 80 ′′ (14 kpc × 14 kpc). The scale is indicated on the 10 cm image, whereas the FWHM beamsize is shown on each panel as a filled circle or ellipse. The red and blue circles show the GRB position and the WR region, respectively. Blue and green crosses on the 100 µm image show the star-forming regions with high electron density n e > 145 cm −3 and age ≥ 6 Myr, respectively (see Sect. 5.2). The ALMA 2.8 mm image is shown as 3.5, 4, and 5σ contours on the 0.2 µm image. The 870 µm image has been inverted. range is dominated by strong emission lines (Hammer et al. 2006; Christensen et al. 2008 ) not accounted for in the models.
With the excellent wavelength coverage at the dust peak, we confirm that the WR region contributes 25% to the infrared luminosity of the host (cf. Sollerman et al. 2005; Le Floc'h et al. 2006 Christensen et al. 2008; Micha lowski et al. 2009 ). However, for the first time we were able to constrain its dust content and we found that it contributes only ∼ 5% to the dust mass of the host. Its lower contribution to the dust mass compared with infrared luminosity is a consequence of its high dust temperature (both dust components in the WR region are hotter than those in the entire host, and the contribution of the hotter component is higher in the WR region, see Col. 8-11 in Table 2 ). As in Micha lowski et al. (2009) we found that the WR region contributes very little to the stellar mass of the host.
We also performed SED modelling using the photometry of the host after subtracting the WR region contribution (green line in Fig. 2 and the last row of Table 2 ). Given the strong contribution of the WR region only in the mid-IR, it is unsurprising that the properties we derived from this 'host−WR' photometry are very similar to those obtained using the original host photometry, except for much weaker contribution of hot T d > 40 K dust to the infrared luminosity, as the 'warm' component has only ∼ 35 K for the 'host−WR' photometry (see Col. 10 in Table 2 ). Hence, a possible contribution of WR regions in higher redshift GRBs, which cannot be separated from host galaxies, should not strongly affect the global host properties. The stellar mass derived from the 'host−WR' photometry is nominally higher than that from the 'entire host' photometry (though consistent within errors) because without the WR region the SED modelling converges to a slightly less active star-forming system with a higher massto-light ratio.
Our stellar mass for the entire host is ∼ 2 times lower than that derived by Micha lowski et al. (2009) and Savaglio et al. (2009) and 30% lower than that derived by Castro Cerón et al. (2010) , after correcting for the different IMF used. These differences are, however, comparable to the expected uncertainty of stellar mass estimates (see discussion in Micha lowski et al. 2012a) . Indeed, in contrast, our mass estimates for the WR region is a few times higher than that of Micha lowski et al. (2009) When we fitted a modified black body to the 100-870 µm data for the entire host, we obtained T d ∼ 24 ± 1 K assuming β = 1.5, and T d ∼ 28 ± 1 K assuming β = 1 (which provides a better fit to the 870 µm data). These temperatures are typical for its L IR ; using the half-light radius of r = 4 kpc we derived the infrared surface brightness , which is approximately a factor of two higher than is assumed in the model of Draine & Li (2007) . Since such lower coefficient was applied to the local galaxies observed with Herschel, used in Section 5.1 as a comparison sample, we recomputed the dust mass of the GRB 980425 host applying a comparable method outlined in Bianchi (2013) , obtaining log(M d /M ⊙ ) = 6.57 ± 0.05, indeed a factor of two higher than the Magphys estimate.
Flux ratios
In order to investigate the properties of the GRB 980425 host, in Fig. 3 we compared it with other samples of local galaxies with respect to 100 µm, K-band, and nearultraviolet (NUV) flux ratios, characterizing specific star formation rate (sSFR ≡ SFR/M * approximated by the 100 µm / K-band flux ratio), dust attenuation (100 µm / NUV) and near-infrared / UV colour (K-band / NUV). We also added the GRB 031203 host at z = 0.105 using the data from Watson et al. (2011) .
For comparison, we used the sample of Moustakas & Kennicutt (2006) , which includes UVexcess galaxies (comprising blue compact galaxies with strong emission lines, starburst nuclei, and normal massive spiral and irregular galaxies with abnormally high star formation rates), IRAS-selected galaxies, Hα-and UV-selected galaxies within 11 Mpc, star-forming galaxies in the Ursa Major Cluster and morphologically disturbed galaxies. Moreover, we used the sample Entire host WR region Host-WR LMC MAGPHYS models GRASIL models Spitzer/IRS spectrum Fig. 2 . Spectral energy distribution of the GRB 980425 host (red), the WR region (blue), and the host with the WR region subtracted (green). The data are shown as squares and circles, whereas the Magphys and Grasil models are shown as solid and dotted lines, respectively. The empty blue circle denotes the ALMA flux of the WR region without the correction for the free-free emission. The mid-IR Spitzer/IRS spectrum of the WR region (Le Floc'h et al. 2012 ) is shown as a black line. The 'host−WR' photometry almost overlaps with the total host photometry in most cases, so it is not shown. The data for the LMC are shown as black crosses (Israel et al. 2010; Meixner et al. 2013 ).
of UV-selected galaxies of Gil de , for which irregular galaxies are marked as green triangles in Fig. 3 . We also used the sample of irregular galaxies and blue compact dwarfs (BCDs) from Hunt et al. (2005) , Hirashita et al. (2008) , and Hunter et al. (2010) , for which we compiled the UV (Kinney et al. 1993; Dale et al. 2007 ; Gil de ), K-band (Thuan 1983; Jarrett et al. 2003; Hunt et al. 2005; Engelbracht et al. 2008) , and 100 µm photometry (Rice et al. 1988; Soifer et al. 1989; Sanders et al. 2003; Lisenfeld et al. 2007; Hirashita et al. 2008; Dale et al. 2009; Hunter et al. 2010 ). The Key Insights on Nearby Galaxies: A Far-Infrared Survey with Herschel (KINGFISH) sample (Kennicutt et al. 2011; Dale et al. 2007 Dale et al. , 2012 Skibba et al. 2011 ) is also used as a comparison; KINGFISH irregular galaxies are marked as green triangles in Fig. 3 . Dust masses for the KINGFISH galaxies are taken from Bianchi (2013) , and stellar masses from Skibba et al. (2011) are corrected to the Kennicutt et al. (2011) distance scale. Finally, we mark the Large Magellanic Cloud (LMC) using the compilation in Israel et al. (2010) and Meixner et al. (2013) .
Both GRB 980425 and 031203 hosts exhibit low 100 µm / NUV ratios (indicating low attenuation and dust content), within the range spanned by other local galaxies, especially late types and irregulars. Moreover, they have low 100 µm / K-band ratios (proxy for sSFR) compared with other galaxies, given their low K-band / NUV ratios, again similarly to late-type spirals.
In order to investigate its low 100 µm / NUV ratio we constructed the flux ratio map, in a similar way to that described by Boquien et al. (2011 Boquien et al. ( , 2012 : we converted both maps to Jy per pixel, subtracted the local sky background, corrected the NUV map for the extinction in our Galaxy using the parametrization of Cardelli et al. (1989) and O'Donnell (1994) with E(B−V) = 0.059 mag, and regridded the 100 µm map to the NUV pixelscale. Then the 100 µm and NUV maps were adaptively smoothed to the same spatial scales using Asmooth (Ebeling et al. 2006) Israel et al. 2010; Meixner et al. 2013) , local star-forming galaxies (plusses; Moustakas & Kennicutt 2006; Kennicutt et al. 2011; Dale et al. 2007 Dale et al. , 2012 Skibba et al. 2011 ), UV-selected galaxies (dots; Gil de ; irregular galaxies are marked as green triangles), irregular galaxies (triangles) and blue compact dwarfs (×; Hunt et al. 2005; Hirashita et al. 2008; Hunter et al. 2010 ). Low-z GRB hosts exhibit low 100 µm / NUV flux ratios, which hints at low dust attenuation similar to that of irregular galaxies.
shown in Fig. 4 with the narrow-band Hα and R-band contours (Sollerman et al. 2005) overplotted. The former was confirmed to be consistent with the integral field unit (IFU) Hα spectroscopy from Christensen et al. (2008) in the part of the host covered by the IFU observations. From this map we found that the regions with low 100 µm / NUV ratios correspond closely to the star-forming regions dominating the Hα (and hence the SFR) image, with the exception of the WR region exhibiting very high 100 µm flux. ′′ × 35 ′′ and is constructed from images adaptively smoothed to the same spatial scales using Asmooth (Ebeling et al. 2006 ) to avoid strong colour fluctuations. The contours represent the narrow-band Hα map (grey, confirmed to be consistent with the IFU Hα image from Christensen et al. 2008 ) and R-band image (red; Sollerman et al. 2005 ). The black circle shows the GRB position. The WR region is to the north-west of this position. It is apparent that the low 100 µm / NUV flux ratio (blue regions) corresponds to the spiral arms traced by starforming regions (peaks of red and grey countours), with the exception of the WR region exhibiting very high 100 µm flux.
Discussion
Nature of the host: star-forming dwarf
In terms of the basic properties, it has been suggested that the host of GRB 980425 is a typical dwarf galaxy (Sollerman et al. 2005; Christensen et al. 2008; Micha lowski et al. 2009 ). Its SFR, stellar mass, size, and metallicity agree perfectly with that of the largest dwarf irregulars in the sample of Woo et al. (2008) . Moreover, we also found it similar to irregular galaxies in terms of far-IR/UV flux ratios (Fig. 3) . Finally, its sSFR is consistent with the high-end of samples of local galaxies with similar stellar masses (e.g. Gilbank et al. 2011; Gavazzi et al. 2013) . The metallicity of the GRB 980425 of 12 + log(O/H) = 8.6 (Sollerman et al. 2005 ) is roughly consistent with the typical value for a 10 9 M ⊙ galaxy in the mass-metallicity relations of Kewley & Ellison (2008) , and with the mass-metallicity relation of local dwarf galaxies (Hunt et al. 2012) .
We also found that the GRB 980425 host has relatively low dust content, similar to local dwarf galaxies. Specifically, it exhibits a low 100 µm / NUV flux ratio (Fig. 3) (using M d derived in Sect. 4.1), consistent with that of the dwarf local galaxies in the HRS (Fig. 3 of Cortese et al. 2012 ) and KINGFISH surveys. It is also consistent with the low-end of the local M d -SFR relation (da Cunha et al. 2010 ). In Fig. 5 we also show that the GRB 980425 host has a very blue optical/UV colour and the dust content expected for such galaxies based on the HRS and KINGFISH surveys. Moreover, the dust-obscured SFR derived from the infrared luminosity of the host (SFR IR ) is only ∼ 0.1 M ⊙ yr −1 (using the relation of Kennicutt 1998, converted to the Chabrier IMF), which is ∼ 2.5 times lower than the total SFR from the SED modelling (Table 2) and than the UV-only estimate (Micha lowski et al. 2009 ). This means that most of its star formation activity is not dustobscured. Finally, we demonstrate in Fig. 2 that although the SEDs of the GRB 980425 host and of the LMC are remarkably similar in the far-IR regime, the former is much brighter in the UV.
To summarise, the properties of the GRB 980425 host are consistent with those of a population of local dwarf irregular galaxies, which exhibit relatively low dust content and a high fraction of UV-visible star formation. The IRAS infrared luminosity function of Sanders et al. (2003) shows that ∼ 90% of local galaxies are less luminous than the GRB 980425 host with L IR ∼ 10 9 L ⊙ , and that ∼ 15% of star formation activity in the local universe happens in these faint galaxies. Therefore, assuming that the GRB rate traces the SFR density, it is not surprising to find a GRB in a dwarf galaxy.
Dust and star formation in the WR region: high density
The WR region is the most unusual feature of the GRB 980425 host, dominating its mid-IR, far-IR, and radio emission, and is the only star-forming region detected by ALMA at 2.8 mm (Figs. 1 and 2) . We demonstrate here that its high ISM gas density can explain these properties, as it likely plays an important role in efficient dust production and efficient build-up of radio emission.
First, we checked whether its age is sufficient to form the dust that we observe in this object. Taking into account only the stars that can finish their main-sequence phase in ∼ 10 Myr (i.e. those with masses > 15 M ⊙ ) we calculated an average dust yield per star in order to explain the dust mass we measured for the WR region (as in Micha lowski et al. 2010c,b) . Assuming a Chabrier IMF, its stellar mass corresponds to 43 000 of these stars. Hence, each of them should have produced ∼ 1.4 M ⊙ of dust. This is close to the highest dust yields predicted theoretically by Nozawa et al. (2003, Fig. 12) and Gall et al. (2011, Fig. 6) , and inferred observationally (Dunne et al. , 2009b Morgan et al. 2003; Gomez et al. 2009; Green et al. 2004; Ercolano et al. 2007; Meikle et al. 2007; Lee et al. 2009; Sibthorpe et al. 2010; Barlow et al. 2010) . Given the possibility of rapid (∼ 10 Myr) dust grain growth in the ISM (Draine & Salpeter 1979; Draine 1990 Draine , 2009 Hirashita 2000; Zhukovska et al. 2008; Micha lowski et al. 2010b) , which would lower the required dust yield per star, it is not unreasonable to assume that the dust present in the WR region could have been formed during a short (∼ 10 Myr) recent period of star formation, even if it had contained no pre-existing dust formed by AGB stars. Moreover, these massive stars would alone produce enough metals necessary for this dust production (not counting metals produced by older AGB stars). Indeed a SN produces 1 M ⊙ of heavy elements (Todini & Ferrara 2001; Nozawa et al. 2003; Bianchi & Schneider 2007; Cherchneff & Dwek 2009) , which is close to what is required to explain the dust mass in the WR region.
The timescale of dust grain growth is inversely proportional to the gas density (eq. 8 of Draine 2009 ) and is only ∼ 2 Myr at a density of 150 cm −3 . Hence, the unusually high far-IR luminosity (Fig. 1 ) and dust mass of the WR region could be explained if it is the densest among the star-forming regions in the GRB 980425 host. This is consistent with the finding of Christensen et al. (2008) who reported slightly higher electron density for this region compared with other star-forming regions. We re-calculated the densities of all regions from the [S II] line ratios (Christensen et al. 2008 ) using the calibration of O'Dell et al. (2013) based on the model of Osterbrock & Ferland (2006) : log n e = 4.705 − 1.9875[S II 6716]/[S II 6731]. We obtained n e = 150 and 100 cm −3 for the WR region and the SN site, respectively (consistently with Christensen et al. 2008) and the mean for all regions of 130 ± 15 cm −3 . As shown in Fig. 1 , five out of seven other regions with high densities n e > 145 cm −3 are located in the northern spiral arms, which is the third most prominent 100 µm feature after the WR region and the central bar (the northernmost 100 µm blob is not covered by the IFU data of Christensen et al. 2008) . This supports the scenario in which high density of the ISM is responsible for more efficient dust production.
These other star-forming regions with high n e are all younger than the WR region (Fig. 6) . This provides an explanation for why their 100 µm emission is not as prominent as that of the WR region, as there was even less time to form dust. On the other hand, other regions (some older than the WR region) are not dense enough to accumulate dust efficiently. However, the regions older than the WR region (green crosses in Figs. 1 and 6 ) are all concentrated in the bar, which shows pronounced 100 µm emission.
The high density of the WR region would also explain why it is the only region firmly detected at the radio continuum (Fig. 1) . According to Hirashita & Hunt (2006) the radio fluence of supernova remnants depends on gas density, naturally explaining the radio brightness of the WR region if it is dense. On the other hand, the other regions denser than the WR region are also younger (Fig. 6) , so their synchrotron radiation might not have had time to build up yet. The WR region indeed exhibits a steep radio spectrum (Fig. 2 and Sect. 5.4), hinting at the synchrotron nature of the emission.
Finally, the ALMA detection of the WR region at 2.8 mm is also consistent with its high density. Free-free emission coefficients are proportional to the square of the density (Condon 1992) making the low density regions fainter than the WR. The dust-only emission is a ∼ 2.5σ detection, so without the free-free emission (45% of the WR 2.8 mm emission) the WR region would probably not have been detected.
The WR region appears to be similar to the 30 Doradus (Tarantula Nebula), which also dominates the Hα (Gaustad et al. 2001) , far-IR (Meixner et al. 2006) , and radio (Dickel et al. 2005 ) emission of the LMC, as shown in Fig. 7 , but it contributes very little to total stellar mass. The star-forming region 30 Doradus is very dense (with a density close to the value we measured for the WR region; e.g. Meixner et al. 2006; Pellegrini et al. 2010 Pellegrini et al. , 2011 Kawada et al. 2011; Pineda et al. 2012) , which provides additional support for our hypothesis that the extreme properties of the WR region are due to its high density.
If high density environments are also found close to the positions of other GRBs, then the ISM density should also be considered, along with metallicity, an important factor influencing whether a given stellar population can produce a GRB. This is especially true if the Hammer et al. (2006) 'runaway' hypothesis, that the GRB progenitor was born in the WR region and expelled from it, turns out to be correct. The properties of the WR region we discussed here (high SFR, high density, numerous massive stars, low age) are consistent with this hypothesis, but high-resolution observations of other GRB hosts are needed to test whether GRB progenitors are usually born in dense star clusters.
Submillimetre excess and gas-to-dust ratio
Many dwarf low-metallicity galaxies have been shown to exhibit a submillimetre excess, i.e. an enhancement in the submillimetre emission above the extrapolation from far-IR data (Lisenfeld et al. 2002; Galliano et al. 2003 Galliano et al. , 2005 Galliano et al. , 2011 Bendo et al. 2006; Galametz et al. 2009 Galametz et al. , 2011 Bot et al. 2010; Gordon et al. 2010; Israel et al. 2010; Planck Collaboration et al. 2011a,b; Dale et al. 2012; De Looze et al. 2012) . Apart from the cold dust emission, this excess has also been attributed to different grain properties (e.g. shallower spectral slope β), spinning dust, and (Christensen et al. 2008) . The WR region is both old and dense compared with other regions, which may have helped it to accumulate dust more efficiently. Blue and green crosses mark the regions with n e > 145 cm −3 and age ≥ 6 Myr, respectively (see also Fig. 1) . Fig. 7 . Mosaic of the images of the Large Magellanic Cloud (Gaustad et al. 2001; Meixner et al. 2006; Dickel et al. 2005) . North is up and east is to the left. Each panel is 6
• × 6 • (4 kpc × 4 kpc). The blue circle show the position of the star-forming region 30 Doradus (Tarantula Nebula). The LMC with 30 Doradus dominating at Hα, far-IR and radio is similar to the GRB 980425 host with the WR region (compare with Fig. 1 ). magnetic nanograins (e.g. Reach et al. 1995 , Draine & Li 2007 , Dale et al. 2012 , Hermelo et al. 2013 and references therein).
The GRB 980425 host exhibits a 160 µm / 870 µm flux ratio of ∼ 25, lower than the lowest values found by Galametz et al. (2011) for local dwarfs, indicating a very strong submillimetre excess. This is not because of the synchrotron contribution to the submillimetre flux, which should be minimal given the flux of 0.42 mJy at 6 cm and a negative radio slope (see Sect. 5.4 and Micha lowski et al. 2009) , nor is it due to contamination by free-free emission because, as we found in Sect. 3, it contributes at most 2% to the total 870 µm flux.
Given the far-IR wavelength coverage, we are in a position to investigate the submillimetre excess in the GRB 980425 host. We present two hypotheses to explain this excess: very cold dust and unusual dust properties. Under the assumption of normal dust properties, based on the SED fit (Fig. 2) we predict an 870 µm flux of ∼ 7.5 mJy. This is about half the measured value of ∼ 13 mJy (Table 1) . If this excess is interpreted as a contribution of very cold (10 K) dust, not accounted for in our SED modelling, then it transforms into an additional 2 × 10 6 M ⊙ of dust (with β = 1.5), doubling the dust content in the GRB 980425 host.
Without this cold dust, its molecular gas-to-dust ratio is M H2 /M d < 185 using the H 2 gas mass upper limit from Hatsukade et al. (2007) . This is consistent with that of the Milky Way (∼ 100-400; Sodroski et al. 1997; ) and other spirals (∼ 100-1000; Devereux & Young 1990; Stevens et al. 2005) . However, if the submillimetre excess is indeed due to cold dust, then the limit for the GRB 980425 host lowers to M H2 /M d < 82. This indicates much higher dust content, consistent with that of highredshift submillimetre galaxies (∼ 50; Kovács et al. 2006; Micha lowski et al. 2010c) , of the nuclear regions of local (ultra)luminous IR galaxies (120 ± 28; Wilson et al. 2008) and of local, far-IR-selected galaxies (∼ 50; Seaquist et al. 2004 ). This can be confirmed by a detection of a CO line of the GRB 980425 host to constrain the molecular gas content, and by investigation of the submillimetre excess at other wavelengths and at higher resolution, allowing a more precise study of its origin. This is now possible with the current capabilities of ALMA.
The additional cold dust is not the only possible explanation of the submillimetre excess in the GRB 980425 host. As indicated in Section 4.1, we are able to fit all far-IR and submillimetre data with a modified black-body curve with a shallow spectral slope of β = 1 without the need to invoke cold dust (see Fig. 13 of Bendo et al. 2006 for a similar result for another galaxy). In this scenario, a very low 160 µm / 870 µm flux ratio of the GRB 980425 host would be a result of unusual dust properties favouring emission at longer wavelengths. Alternatively, such a shallow slope could indicate dust heating by an unusually low-intensity radiation field which results in a wider range of dust temperatures along the line of sight (Hunt et al., in prep.) .
Our low-resolution 870 µm data do not allow the study of the spatial distribution of the submillimetre excess. However, ALMA data provide a hint that the WR region may be responsible for the excess. Nevertheless, because almost half of the observed 2.8 mm flux is free-free emission, sensitive high-resolution submillimetre observations, probing cold dust emission, are necessary to confirm this.
Infrared-radio correlation
Based on the extrapolation from the 24 µm data, Micha lowski et al. (2009) suggested that the radio emission of the GRB 980425 host is much lower than expected from the infrared-radio correlation (Condon 1992) . However, with the far-IR wavelength coverage provided by our Herschel data we revised the infrared luminosity estimate to be a factor of ∼ 2.5 lower. In order to quantify the offset of the host from the infrared-radio correlation, we calculated the parameter q = log(L IR [L ⊙ ]/3.75 × 10 12 /L ν 1.4 GHz [L ⊙ Hz −1 ]), where L ν 1.4 GHz is the rest-frame 1.4 GHz luminosity density computed from the powerlaw fit to our radio data and the 4.8 GHz data of Micha lowski et al. (2009) . We find a spectral index of α = −0.62 ± 0.15 (consistent with a typical value of −0.75 for other star-forming galaxies Condon 1992; Clemens et al. 2008; Dunne et al. 2009a; Ibar et al. 2010 ) and a rest-frame 1.4 GHz flux of 0.91 ± 0.17 mJy, which corresponds to a L ν rest 1.4 GHz = 1.5 × 10 27 erg s −1 Hz −1 . This translates to q = 2.8 ± 0.5, fully consistent with the average value for local star-forming galaxies of 2.64 (with a scatter of 0.26; Bell 2003) .
In a similar way, for the WR region we derived a steeper α = −1.08 ± 0.18, F ν rest 1.4 GHz = 0.56 ± 0.08, L ν rest 1.4 GHz = 8.9×10
26 erg s −1 Hz −1 , and q = 2.48±0.37. This q value is also consistent with that of local galaxies within the errors. A slightly lower q value may indicate that the radio emission in the WR region is building up faster than the dust content.
The mid-infrared and radio (close to the rest-frame 1.4 GHz) data presented by Watson et al. (2011) Hz −1 ) also implies a low q = 2.25. However, the data of Watson et al. (2011) extends only up to 30 µm, so increased wavelength coverage is required to confirm this result.
Conclusions
Using high-resolution observations from Herschel, APEX, ALMA, and ATCA we investigated the properties of the ISM in the GRB 980425 host, and we found that it is characterised by relatively low dust content and a high fraction of UV-visible star formation, similar to other dwarf galaxies. These galaxies are abundant in the local universe, so it is not surprising to find a GRB in one of them, assuming the correspondence between the GRB rate and star formation.
The star-forming region displaying the Wolf-Rayet signatures in the spectrum (WR region), located 800 pc from the GRB position, contributes substantially to the host emission at the far-infrared, millimetre, and radio wavelengths and we propose this to be a consequence of its high gas density. If dense environments are also found close to the positions of other GRBs, then the ISM density should also be considered, along with metallicity, as an important factor influencing whether a given stellar population can produce a GRB, especially if it turns out that GRB progenitors in general (and that of GRB 980425 in particular) are born in dense star clusters. The brightness of the WR region also indicates that it may be responsible for the submillimetre excess we detected for the host.
